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Summary  For many years, the microstructural characterization of ice and firn has used optical microscopy often 
involving observation of thin sections between crossed polarizers.  However, such an approach, in addition to being of 
low resolution, does not provide complete information on the microstructure.  In previous work (Obbard et al. 2003), we 
have shown how scanning electron microscopy coupled with X-ray microanalysis can be used to determine the 
microstructural location of impurities in ice cores.  In this paper, we outline the use of scanning electron microscopy-
based techniques to determine the 3-D orientation of grains and, thus, enable more complete analysis of the orientation 
relationships between grains in ice and firn.  In addition, we show how scanning electron microscopy can be used to 
determine the internal surface area, porosity and grain size in firn. 
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Introduction 
The technique commonly used to characterize grain structures in ice is inspection of a thin (0.5-1 mm) section of ice 

between crossed polarizers when, due to the optical birefringence of ice, grains of dissimilar orientations appear with 
different colors.  This birefringence is also utilized for determining the orientation of the c-axis of ice grains using a 
Rigsby universal stage, which consists of four rotation axes, a specimen mount and two crossed polarizers.  In careful 
hands, the Rigsby stage can be used to obtain c-axis directions accurate to 5° (Rigsby, 1951; Langway, 1958) - an 
excellent description of the use of the stage is available in Wilen et al. (2003).  In the last few years, this optical 
technique has been automated by a number of different groups (Yang and Azuma, 1999; Russell-Head and Wilson, 
2001; Wilen, 2000; Hansen and Wilen, 2002), as described in Wilen et al. (2003), making it not only more rapid but 
also improving its accuracy to ~1°.  While the automated technique is a significant improvement, it still only provides 
the c-axis direction, i.e. it does not provide the complete 3-D orientation. 

Recently, we utilized electron backscatter diffraction (EBSD) in a scanning electron microscope (SEM) to measure 
the full 3-D orientations, i.e. both the c-axis and a-axis directions, of grains in polycrystalline ice with both high angular 
(0.5o) and spatial (50 nm) resolution (Iliescu et al. 2004; 2005; Obbard et al. 2006, 2007). (The shape and orientation of 
etch pits on the surface of ice (Matsuda, 1979: Matsuda and Wakahama, 1978) and x-ray diffraction (e.g. Mori and 
others, 1985) can also be used to obtain both the c-axis and a-axis orientations of ice, albeit rather slowly.)  Knowing 
the full 3-D orientations of grains is particularly useful for analysis of the misorientations between neighboring grains, 
and, hence, for distinguishing between (migration) recrystallization and polygonization.  Further, the technique can be 
used to produce orientation images of grains, and particularly subgrains, in which optical contrast between (sub)grains 
may not be sufficient to differentiate them.  In addition to providing images and orientation information, with the use of 
an energy dispersive X-ray spectrometer, the microstructural location of soluble impurities can be ascertained and the 
compositions of dust particles obtained (Cullen and Baker 2000; 2001; 2002a; 2002b; Cullen et al. 2002; Iliescu et al. 
2002; Baker et al. 2003; Baker and Cullen 2003a; 2003b; Obbard et al. 2003a; 2003b; Iliescu and Baker 2004; Baker et 
al. 2006; Barnes et al. 2002a; 2002b; 2003; Mulvaney, Wolff and Oates 1988; Wolff, Mulvaney and Oates 1988). 

In addition to examining ice cores, crystal structure examination of cores of firn provides possibly the most valuable 
insight into the processes by which firn is transformed into glacial ice.  Recently, we have demonstrated that we can 
examine firn in an SEM to determine the grain size and orientation, the internal surface area and porosity, and we can 
determine the microchemistry of the firn (Baker et al 2007a, 2007b).  This technique has several advantages over the 
usual techniques of infiltrating the firn with a liquid.  For example, dodecane has been used as a pore filler to obtain 
grain size, but alters the firn structure and can be confused with grains, particularly when using automated imaging 
systems.  Dimethyl phthalate (Albert and Shultz 2002; Rick and Albert 2004) is also used to obtain pore size by 
allowing the liquid to set, and then sublimating the firn. The problems with the latter methods are that the viscous liquid 
cannot easily penetrate small pores, which increase in frequency with depth; the liquid cannot infiltrate closed off pores, 
which also increase in frequency with depth; and there is the issue of how much the liquid changes the local structure of 
the firn during solidification.  Additionally, all of these liquids are hazardous at some level. 

In this paper, we briefly describe the use of SEM-based techniques that we applied to the determination and analysis 
of the orientations of grains in ice and firn cores, and for the characterization of the pore structure in firn. 
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Experimental methods 
Typically, for SEM examination specimens of dimensions ~25mm × 25mm × 10mm thick were cut perpendicular to 

the core axis, shaved flat with a razor blade under a HEPA-filtered, laminar-flow hood at -10°C and frozen onto a brass 
plate.  Specimens were then either sealed in a small container for later examination or mounted onto a cold stage for 
immediate observation. 

For both secondary electron imaging and acquisition of EBSD patterns, uncoated specimens were examined in a 
field emission gun (FEG) FEI XL-30 environmental SEM. For acquisition of EBSD patterns, a pre-tilted (25°) coldstage 
was used, see Figure 1.  The pre-tilt was necessary because the geometrical set-up of the SEM would only allow the 
stage to be tilted by 45°, and a 70° specimen tilt is needed to maximize the weak signal used for producing EBSD 
patterns. 

Our previous home-built, cold stages were cooled by 
nitrogen gas that had passed through a liquid nitrogen heat 
exchanger (Obbard et al. 2003a).  The temperature of the stage 
was determined by the flow rate of the nitrogen gas.   Such a 
set-up cools rapidly and the temperature can be easily 
controlled to within ± 5°C.  However, it has the disadvantage 
that a nitrogen gas leak can cause problems in the SEM, 
particularly a FEG SEM.  Also, using concertina-type stainless 
steel tubing for the nitrogen gas makes stage movement 
difficult and exerts significant torque on the SEM motor-driven 
stage.  The current set-up, shown in Figure 1, utilizes a copper 
braid connected to an external liquid nitrogen reservoir to cool 
the specimen stage.  A PID-controlled cartridge heater, with a 
thermocouple for feedback, is used to provide heating to 
maintain a specific temperature.  This set-up avoids the 
possibility of a nitrogen leak into the SEM chamber and the 
torque on the SEM stage motor and maintains the temperature 
well.  Its disadvantage is that the cool-down time is quite long 
compared to the previous set-up (1 h versus 15 mins). 

The SEM was operated at 15 kV with a beam current of 0.15 nA under a pressure of ~5 x 10-4 Pa, and the ice was 
maintained at -80°C ± 10°C.  EBSD patterns were captured using the techniques described by Iliescu et al. (Iliescu et al. 
2004; 2005) and indexed using HKL Technologies’ CHANNEL 5 software.   

Results and discussion   
Figure 2 shows an EBSD pattern produced from an ice core.  

The pattern was produced by simply stopping the scanning 
electron beam on a point of interest, and collecting the 
diffraction pattern produced by back-scattered electrons on a 
nearby phosphorescent screen. 

Figure 3 shows pole figures constructed from EBSD 
patterns, such as that shown in Figure 2, obtained from 391 
grains in an ice core specimen from a depth of 727 m at Siple 
Dome, Antarctica.  The traditional Rigsby stage analysis would 
have provided only the c-axis pole figure shown on the left, 
which indicates a single maximum.  The EBSD patterns provide 
complete 3-D orientation data and, hence, the a-axis pole figure 
shown on the right was also obtained.  The latter pole figure 
shows clusters of poles, often in lines.  Correlation with the 
specimen from which the EBSD patterns were obtained showed 
that these grains were generally quite close to each other.  The 
small misorientations between the grains suggested that the 
specimen had undergone significant polygonization.   

Figure 1. SEM cold stage showing the pre-tilted 
stage used for EBSD determination.  The copper 
braid used for cooling, the cartridge heater used for 
heating, and the thermocouple are connected to the 
stage on the left. 

Figure 2. EBSD pattern from an ice core specimen.  
The red lines are drawn in the center of the Kikuchi 
bands and the major poles, where several Kikuchi 
bands intersect, are indexed.  The blue cross indicates 
the pattern center.  Hence, the specimen normal is 
close to 
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The presence of many small angle grain boundaries is made 
more evident in a plot of frequency versus misorientation angle 
between adjacent (correlated) grains.  This is shown in Figure 4, 
where it is clear that the frequency of low-angle grain boundaries is 
far greater than random, again indicating that many of the grains 
were probably formed by polygonization following deformation.  
Such an analysis is not possible using c-axis data alone since even 
when the c-axes from two adjacent grains are in the same direction, 
the two grains could be rotated by 30° with respect to each other. 

Figure 5 shows both a thin-section optical photograph, 
produced using the standard dodecane pore-filler technique, and a 
secondary electron image of 16-meter deep samples from core 
ITASE02-1.  In Figure 5(a), the red arrow indicates pore filler.  
Note that the filler appears to overtake some crystals making the 
determination of grain size difficult and that no clear estimation of 
the relationship between grain and pore can be made.   

In Figure 5(b), the red arrow marked GB points to a grain 
boundary.  One example of a pore is marked with “pore” in red.  
Note that in some locations, such as in the lower right-hand corner, 
the 3-dimensional aspect of the grain can be visualized. Analysis of 
images, such as that shown in Figure 5(b), using the pixel-counting 
measurement utility of the program Image SXM (Barrett 2005) 
enables the internal surface area and porosity to be determined.  
Imaging of grain boundary grooves (see arrowed example in Figure 
5(b)), formed after allowing the specimen to sublimate, enables the 
grain size of the firn to be determined.  A key observation from this 
SEM imaging is that the features referred to as “grains” based on 
the optical microscopy technique (analogous to grains of sand) are 
not actually individual crystals or grains, but in fact consist of multi 
grains.  Thus, the grain size determined from the SEM-based 
technique is significantly smaller than that obtained from the 
optical microscopy-based technique (Spaulding, et al., 2007). 

The use of the SEM also allows high-resolution images of 
bonds between snow particles that formed the firn to be obtained.  
Microchemical information can also be obtained from the firn 
using X-ray microanalysis (Baker et al., 2007a, 2007b). 

Conclusions 
In this paper, we have attempted to show the utility of using 

scanning electron microscope-based techniques for examining ice 
cores and firn cores.  It has been shown that, compared to 
“traditional” methods, not only may additional information, such as 
a-axis orientations be obtained, which enables more sophisticated 
analyses of the grain orientations to be performed, but that some 
traditional methods, e.g. the pore-infiltration optical thin-section 
technique for examining firn, may give incorrect results. 

 
 
 
 
 

 
 
 

(a) (b) 

Figure 3. c- and a-axis pole figures constructed 
from EBSD patterns from 391 grains from a 
depth of 727 m at Siple dome, Antarctica. 

Figure 4. Frequency of misorientation angles 
between grains for the 391 grains from 727 m 
Siple dome ice.  The correlated misorientations, 
which are from adjacent grains, show a high 
frequency of low angle boundaries.  The solid 
curve is for a theoretical random distribution of 
grain orientations. 

Figure 5. (a) Thin-section optical photograph of dodecane pore-infiltrated firn, and (b) secondary electron image of firn, 
both from a depth of 16-meter from core ITASE02-1.  
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